We have produced a data base of V -band and B-band night-sky brightness measurements rather evenly spread out over the course of a whole sunspot cycle from September 1985 to August 1996. Almost all the data were obtained at the 2800-m level of Mauna Kea using the same telescope, same photomultiplier tube, filters, and diaphragm, thus minimizing various sources of systematic error and allowing an estimate of the sources of random error. The yearly V -band averages of observed sky brightness ranged from 21.287 to 21.906 magnitudes per square arc second. The color of the sky is B − V = 0.930 and does not change discernibly over the course of the sunspot cycle. After correcting the V -band data to the zenith, we find that the airglow component varied a factor of 4.5 over the course of the solar cycle. Once the 11-year solar cycle effect is removed from the data, the most significant contribution to the scatter of individual data points appears to be the short term variations on time scales of tens of minutes like those observed by the Whole Earth Telescope project.
Introduction
One of the most impressive sights in nature is the nighttime sky unmarred by artificial light and with only a thin crescent Moon or no Moon in the sky. On the Island of Hawaii the air is often transparent enough that if one is fully dark adapted, the starlight alone can cast a shadow of one's hand on one's chest, if one is wearing a light colored coat. This holds for clear, moonless nights at sea level, at the top of Mauna Kea, or at elevations in between.
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When doing astronomical photometry one wishes to determine the brightness of an individual object such as a star. One measures the star plus a certain amount of surrounding sky, then must measure blank sky nearby to obtain the light due to the star only. Even in the absence of sources of artificial light scattered into the beam, the "blank" sky is not completely dark owing to four sources of light (Roach & Gordon 1973) : (1) zodiacal light and the gegenschein (caused by sunlight scattered off interplanetary dust);
(2) faint unresolved stars and atomic processes within our Galaxy; (3) diffuse extragalactic light (due to distant, faint unresolved galaxies); and (4) airglow and aurorae (produced by photochemical reactions in the Earth's upper atmosphere). Roach & Gordon (1973, p. 54 ) list some of the reactions giving rise to airglow. For example, continuum radiation from 500 to 650 nm wavelength is emitted when NO 2 is produced from O and NO. This light would be observable in the Johnson V -and B-bands.
An equally strong source of emission is the line at 557.7 nm, due to [O I] . This occurs in the middle of the Johnson V -band. It has been known for most of this century that the airglow varies over the course of the solar cycle. (See Walker 1988 for further information 2 While this fact is impressive, it is not that strange if one considers that the starlight from the whole sky amounts to 1160 stars of first magnitude (Allen 1973, p. 245 ).
-4 -and relevant references). If we think of the airglow as a low-level aurora, this makes sense.
As the solar wind energizes the Earth's atmosphere during the day, detectable results can be observed at night.
The airglow not only varies on times scales of years, but it systematically gets fainter over the course of a given night (see Fig. 2 of Walker 1988) . It can even vary measurably over time scales of minutes (see Fig. 4 of Pilachowski et al. 1989 , Fig. 3 of Nather et al. 1990 , Morrison et al. 1997, and Fig. 5 below) . As a result it is not sensible to speak of the "intrinsic" night-sky level at even a well protected site, except in rather broad terms.
While my main purpose over the years in doing photometry was to study variable stars, it required very little extra effort to obtain the data presented here. The purpose of the present paper is to present further observations of the night-sky brightness at Mauna Kea (primarily measured at the 2800-m level). We now have data that are roughly evenly distributed over a complete solar cycle. These data are important for long term studies of the quality of the site and for planning various observations. As we all know, the signal-to-noise ratio obtained while imaging astronomical objects depends on the contrast of the object itself and the sky background. It is not well known, however, that the optical sky brightness at a good site at solar maximum with no Moon in the sky is quite comparable to the sky brightness at solar minimum with a quarter Moon in the sky. (See Krisciunas & Schaefer 1991 for a model of the brightness of moonlight.)
In this paper we shall also consider the systematic and random errors that enter night-sky measurements.
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Observations
The method of determining the night-sky brightness is laid out in Krisciunas (1990) , hereafter referred to as Paper I, which contains data of 1985 through 1989. The principal system is described in Krisciunas (1996) . The telescope is a 15-cm f/5.82 reflector. The photometer uses an uncooled RCA 931A photomultiplier tube, a DC amplifier, and a strip chart recorder. In short, a signal on the "blank" sky is made, with the strip chart recorder gain set so as to obtain sufficient resolution for digitizing the signal (typically 10 millivolts cm −1 for the V -band and 5 millivolts cm −1 for the B-band). One must also obtain dark current readings on the same strip chart gains. A nominal amplifier gain of 10 6 was always used for the sky readings. One or more standard stars were observed near the zenith. Standard stars were measured with the strip chart recorder at a setting of 50 or 100 millivolts cm −1 , and with amplifier gains on one of six settings between 10 3.5 to 10 6 .
Since one can determine a gain table for the amplifier in the lab and check for errors with observations of standards stars of different brightness, we feel that the gain settings are not a serious source of systematic error. Still, for the purposes of accurately measuring sky brightness, it is best to observe both the sky and appropriately faint standard stars on the same amplifier gain setting.
Let D sky be the net deflection on the sky (i.e. with the dark current subtracted off) and reduced to the same strip chart gain as the star measurement, D ⋆ be the net deflection on a standard star (i.e. with sky and dark current subtracted off), ∆G be the difference of amplifier gain (in magnitudes) between the readings on the sky and star, k λ be the atmospheric extinction for the filter used (in magnitudes per air mass), X ⋆ be the air mass value of the standard star observed, and M ⋆ be the catalog magnitude of that standard star.
Then the single-beam magnitude of the sky reading, made with reference to that standard star is:
where the logarithm is to the base 10. If we let A be the area of the beam in square arc seconds, then the sky brightness in magnitudes per square arc second will be
Throughout this paper we shall use the symbol µ to mean units of magnitudes per square arc second. µ V and µ B refer to sky brightness in magnitudes per square arc second in the V -band and B-band, respectively.
For our system the beam area is 6.522 ± 0.184 square arc minutes, and 2.5 log A is 10.927 ± 0.031. If two or three standard stars are used, one can then average the derived values. If one is carrying out all-sky photometry, in which one determines the extinction and transformation to the UBV system from observations of, say, a dozen standards, then one can derive the single beam night-sky magnitude by setting the air mass of the sky reading to zero. As stated in Paper I and described by Walker (1970) , if the only component of the the sky brightness were faint background stars, one would treat it like an observation of any other star. But because airglow takes place in the atmosphere, not outside it, for sky brightness one must do something a bit different.
In Table 1 we give night-sky values from the years 1990 through 1996. The data of 9 February 1992 were obtained at the 4205-m Mauna Kea summit with the University of Hawaii 0.6-m telescope and an Optec SSP-5 photometer using a 23 arcsecond diameter beam. All the other data were taken with the system described above at the 2800-m level of Mauna Kea. This is the mid-level facility at Hale Pohaku (Hawaiian for "house of stone"), the location of the Onizuka Visitors' Center. Table 2 gives the observed yearly averages of sky brightness obtained from 1985 through 1996. We can obtain an estimate of the internal error of an individual measurement by subtracting off the yearly averages from the data and computing the Gaussian standard deviation of the resultant distribution. For the V -band measures we obtain σ V = ± 0.173 µ V , and for the B-band measures we obtain σ B = ± 0.181 µ B . The mean color of the sky is < B − V > = 0.930 ± 0.018 based on 70 points.
E1 NOTE TO EDITOR: Table 1 goes here -8 -
E2
Our data exhibit no statistically significant variations of sky color over the course of the sunspot cycle. Perhaps there is a variation, but given the internal error of an individual sky color (± 0.147 mag), it might take a century to demonstrate any color variation, or at least many more points per year over the course of one whole solar cycle. As a rule of thumb we can state that one need not necessarily measure the B-band sky brightness on a given occasion to have the value, if one has measured the stronger signal due to the V -band sky brightness.
In Fig. 1 we plot the the values from Table 2 . For comparison we plot in Fig. 2 the monthly averages of the 10.7 cm solar flux obtained from DRAO.
Discussion
Because magnitudes are a logarithmic unit, for further analysis of the V -band measures we need to convert the values of I(µ V ) to some linear brightness unit. In times past one used the unusual unit S 10 (V ), the number of 10th magnitude stars per square degree. More recent studies (e.g. Garstang 1989 , Schaefer 1990 ) have settled on the nanoLambert (nL). Allen (1973, p. 26) states that the surface brightness equivalent of one m V = 0 star per square degree is 2.63 × 10 −6 Lamberts. Since a 10th magnitude star is exactly 10 4 times fainter than a 0 magnitude star, S 10 (V) = 1 is the same as 0.263 nL. Let a ≡ (100) 0.2 ≈ 2.51189, and let Q ≡ 10.0 + 2.5 log (3600 2 ) ≈ 27.78151. Q would be the brightness of a single square arc second of sky if a V = 10 star were spread out over one square degree and that were the only source of light. The observed sky brightness, B obs , in nL is then related to the V -band sky brightness, I(µ V ), in magnitudes per square arc second, as follows:
E2 NOTE TO EDITOR: Table 2 goes here
It is also possible (Garstang 1989, Equation 28 ), to relate the V -band sky brightness in magnitudes per square arc second to the brightness b v of the sky, expressed in photons cm −2 sec −1 steradian −1 , as follows:
For the B-band the first coefficient is changed to 41.965 (Garstang 1989, Equation 39 ).
Future work might sensibly use photon units, since nL are strictly applicable only to the eye, only approximately valid for the V -band, and not applicable to B-band measures.
The sky brightness is faintest at the zenith. We use Equation 19 of Schaefer (1990) to correct the observed sky brightness to the zenith value:
where Z is the zenith angle of the sky patch in radians. A more elaborate relation (i.e.
Equation 7 below) must be used for large zenith angles.
In Fig. 3 we give the yearly averages of sky brightness converted to nL as a function of the 10.7 cm solar flux on the dates when sky brightness was measured. We cannot account The least-squares line, fit to the dots in Fig. 3 and weighted by the errors of the points, is: Given our yearly means of V -band sky brightness, corrected to the zenith, which ranged from 58.0 to 96.5 nL, Equation 5 implies that the airglow contribution ranged from 11.0 to 49.5 nL, a factor of 4.5. Equation 5 also implies that without the airglow we would detect 47.0 ± 2.8 nL due to zodiacal light, faint stars in the beam, and diffuse extragalactic light. We can estimate that 49.4 S 10 (V) = 13.0 nL is due to stars V = 13 and fainter (Allen 1973, p. 245 ) − stars we could not avoid because they are not visible in the eyepiece of our simple photometer with a 15-cm telescope. Tyson (1995) indicates that the diffuse extragalactic light amounts to 0.53 S 10 (V), or 0.14 nL. Thus, roughly, we would estimate that the average amount of zodiacal light we measured was 33.9 (± 3 or more) nL, the -11 -equivalent of 129 ± 11 S 10 (V). Since our average sky patch was taken at the zenith 3h 34m
after the end of twilight at latitude +20 o , this corresponds to an average ecliptic longitude 157 o east of the Sun. The ecliptic latitude of the zenith at Mauna Kea is −3 o < β < 43 o , depending on the time of night and the day of the year. Roach & Gordon (1973, p. 46) indicate 
where ∆T twi is measured in decimal hours.
The least-squares slope in Fig. 4 , which excludes one of the points, is only non-zero at Let us now consider the sources of uncertainty in a single sky brightness measurement.
First, the sources of systematic error:
(1) Beam area. This affects every derived value of sky brightness the same way (see Equation 2 ). Our 1−σ uncertainty contributes ± 0.031 µ to the sky brightness values.
(2) Gain difference of amplifier (∆G in Equation 1 ). This uncertainty is zero if the sky is -13 -observed on the same amplifier gain setting as the standard star, and is probably less than 0.01 mag for the most common gain settings used on stars (10 5.0 and 10 5.5 ).
(3) Gain difference of strip chart settings. We assume this to be negligible for the Hewlett Packard unit that we used, but it is not necessarily zero.
(4) The average amount of faint background stars in the beam. We assume that stars fainter than V = 19 would be very difficult for anyone with a reasonably large beam to avoid. We can estimate from Allen (1973, p. 245 Mattila et al. (1996) at La Silla, but their values still exhibit quite a lot of scatter, indicating that the sources of random error (6) and/or (7) below are very significant. Now let us consider the sources of random error:
(1) Calculating the air mass value of the standard star. For objects close to the horizon, calculating the path length of atmosphere along the line of sight is non-trivial, but within 60 degrees of the zenith the air mass is well approximated by the secant of the zenith angle.
For our purposes here, except for calculational errors (using the wrong coordinates of the star or site), this is not a source of uncertainty.
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(2) Uncertainty of the catalog magnitude of the standard star. Typically ± 0.01 mag.
3 We mention calculational errors because of examples such as the "first pulsar planet" (Lyne & Bailes 1992) , which resulted from insufficiently accurate coordinates of the object.
-14 -(3) Digitizing the signal of the standard star. On average ± 0.02 mag.
(4) Uncertainty in the adopted extinction. From extinction values given in Paper I, the internal error of the V -band extinction at Hale Pohaku is estimated to be ± 0.03 magnitudes per air mass on nights when the extinction is actually measured, and ± 0.06 if we just estimate it from the long term seasonal averages and a subjective estimate of the quality of the night. Since the observations (of 1987 to 1996) were made at a median zenith angle of 15.4 degrees (for which air mass X = 1.037) with a standard star close by on the sky, the uncertainty in the next to last term of Equation 1 is essentially the uncertainty in the extinction.
(5) Digitizing the sky brightness reading. Certainly ± 0.05 mag, probably more.
(6) The "time-since-the-end-of-twilight" effect found by Walker (1988) . The average uncertainty due to this effect at Mauna Kea is unknown, since we only find it marginally at some times near solar minimum.
(7) Variations of sky brightness over the course of minutes (see Fig. 4 of Pilachowski et al. 1989 , Fig. 3 of Nather et al. 1990 , Morrison et al. 1997 , and the discussion below).
Nather (private communication) indicates that this can amount to a 100 percent change over the course of an hour. The quadratic sum of the first four real sources of random error (0.01, 0.02, 0.06, and 0.05) would give an internal error of ± 0.081 mag, which is to be compared with our observed internal error of a given V -band sky brightness value of ± 0.173 µ V . Even if (5) above is ± 0.10 mag, the sources of random error (6), (7), and (8) During both of these observing runs the Moon was waxing, so it was above the horizon in the evening, and set before dawn.
The WET data amount to thousands of 10 second integrations. The dark count was less than 10 per second. (Given that the count rate on the sky amounted to thousands of counts per second, we can ignore the dark count.) Given that the data are white light counts, not in any photometric band, it would be difficult to calibrate the WET sky brightness counts to values in nanoLamberts using observations of the stars. We can use the net measurements on the check stars to determine the atmospheric extinction for the white light observations. (Given the quantum efficiency as a function of wavelength of the blue sensitive photomultiplier tubes, we expected, and found, extinctions comparable to those one would measure at Mauna Kea in the U-or B-bands.)
From the check star measures we could determine when the sky was photometric, and Because some of the data were taken at high air mass (3.1), to derive the zenith counts from the observed counts one must do something different than is done above with Equation 4. Instead, it is more appropriate to use
where
is the optical path length along a line of sight in units of air masses (not quite the secant of the zenith angle), k is the atmospheric extinction in magnitudes per air mass, and Z is the zenith angle. Equations 7 and 8 are given by Krisciunas & Schaefer (1991) and are based on the ideas of Garstang (1989) .
In Fig. 5 we show the sky counts (reduced to the zenith) from the WET data files on those portions of six photometric nights when the moon was sufficiently below the horizon.
We cut off the data for each night 5 minutes before the onset of morning astronomical twilight (defined to be when the Sun elevation angle is −18 o ). Note that for plotting purposes the data for given nights have been offset. Of particular interest is the night of 31
March 1990. The first part of the data on that night was taken from 1.2 to 3.1 air masses, then a new field at 1.3 air masses was observed until the end of the night. Given that the -17 -two sets of data on that night knit together well, we have confidence that the sky was photometric, we used an appropriate value of atmospheric extinction, and that Equations 7 and 8 above are appropriate for sky brightness measures that extend to high air masses.
Let us consider the relative change of the sky brightness by defining it as the slope of one of the linear portions of one of the subsections of data in Fig. 5 divided by the mean sky count for that subsection. We find that the zenith sky counts often increase or decrease 5 to 8 percent per hour, but the rate of change can be as high as 22 percent per hour. If we take the logarithms to the base 10 of the sky counts and then multiply them by 2.5, the corresponding sky brightness change is typically between 0.05 and 0.09 mag h −1 , but it can be large as 0.24 mag h −1 (i.e. on the night of 21 May 1991).
By contrast, we found above, from considerations such as those in tens of minutes) to the g-mode oscillations of white dwarfs. One might also attempt to correlate sky brightness changes with the twice-daily tides. From power spectrum analysis of the WET sky counts, we find no evidence for any periodicities in the data. However, long stretches of WET data might reveal power at some frequencies, especially at 1 cycle per day if Walker's nightly sky brightness effect regularly takes place.
Conclusions
We have shown that the zenith V -band sky brightness at the mid-level of Mauna Kea varies between 21.3 to 21.9 magnitudes per square arc second over the course of a complete sunspot cycle. Once the solar cycle effect is removed from the data, the largest contribution to the internal scatter of individual measurements of sky brightness would appear to be the short term variations on time scales of tens of minutes. These short term variations have never been studied in detail. Power spectra of some Whole Earth Telescope data presented here indicate that the variations are random, not periodic.
From the data with our system and references given above we find that the zenith V -band sky brightness breaks down as follows: (1) airglow, 11.0 to 49.5 nL, varying quite smoothly over the course of the 11-year solar cycle; (2) mean zodiacal light, 33.9 nL; (3) of the Earth (Roach & Gordon 1973, p. 54) , this seems unlikely. It would require "currents" from the morning terminator to be moving west at roughly twice the rotational speed of the Earth. Since the optical sky brightness at the Mauna Kea summit is essentially the same as that at Hale Pohaku, the sky brightness at Mauna Kea and at other light-pollution-free sites will vary by a significant amount on an 11-year time scale. Professional astronomers using expensive telescopes must take into account the solar cycle effect when planning their observing runs on the faintest targets of opportunity and judging the efficacy of their state-of-the-art instruments. Simple data, such as those presented in this paper, are important for providing a frame of reference for the ongoing analysis of the quality of astronomical sites, and for ensuring the preservation of the high quality of those sites. -24 - 
